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Strains of Xylella fastidiosa, isolated from sweet orange trees (Citrus sinensis) and coffee trees (Coffea arabica) with symptoms of citrus variegated chlorosis and Requeima do Café, respectively, were indistinguishable based on repetitive extragenic palindromic polymerase chain reaction (PCR) and enterobacterial repetitive intergenic consensus PCR assays. These strains were also indistinguishable with a previously described PCR assay that distinguished the citrus strains from all other strains of Xylella fastidiosa. Because we were not able to document any genomic diversity in our collection of Xylella fastidiosa strains isolated from diseased citrus, the observed gradient of increasing disease severity from southern to northern regions of São Paulo State is unlikely due to the presence of significantly different strains of the pathogen in the different regions. When comparisons were made to reference strains of Xylella fastidiosa isolated from other hosts using these methods, four groups were consistently identified consistent with the hosts and regions from which the strains originated: citrus and coffee, grapevine and almond, mulberry, and elm, plum, and oak. Independent results from random amplified polymorphic DNA (RAPD) PCR assays were also consistent with these results; however, two of the primers tested in RAPD-PCR were able to distinguish the coffee and citrus strains. Sequence comparisons of a PCR product amplified from all strains of Xylella fastidiosa confirmed the presence of a CfoI polymorphism that can be used to distinguish the citrus strains from all others. The ability to distinguish Xylella fastidiosa strains from citrus and coffee with a PCR-based assay will be useful in epidemiological and etiological studies of this pathogen.
Xylella fastidiosa Wells et al., was originally described as the causal agent of Pierce's disease of grapevine and as a pathogen of plum, peach, and numerous urban shade trees in the United States (15, 24, 30) . The gram-negative bacterium has characteristically rippled cell walls and is found in nature only in the xylem of infected plants (19) or in the mouth parts and cibarial pump organ of sharpshooter leafhopper vectors (family Cicadelinidae) (2, 23) . Xylella fastidiosa grows slowly in vitro, requiring somewhat specialized microbiological media, and initially was very difficult to culture (10) . Xylella fastidiosa was known only in North America until 1987 when a serious new disease of sweet orange (Citrus sinensis [L.] Osb) was described in São Paulo State, Brazil. Symptoms on sweet orange include bright yellow leaf mottle with distinct lesions on the adaxial leaf surface. In older leaves, these lesions extend through the leaf to form gummy blisterlike lesions on the abaxial leaf surface. Internodes on severely affected plants are markedly shortened, and leaves are abnormally small. Fruit fail to fill and remain small and hard at harvest time. Electron microscopy of infected trees showed bacterial occlusions in the xylem vessels (3, 28) , and Xylella fastidiosa was isolated from infected plants. Koch's postulates have been completed for the disease, termed citrus variegated chlorosis (CVC) (4, 14) .
Thirty-five percent of the 200 million sweet orange trees in São Paulo State showed symptoms of CVC disease in 1999 and 2000 seasons, and disease incidence and severity are increasing (1).
This disease is a major impediment to citriculture in Brazil. If citrus trees are valued at $15 U.S. currency each, as is the case in Brazil for insurance purposes, then the destruction of trees already symptomatic with CVC represents a direct loss of more than 1 billion U.S. dollars. Fortunately, CVC has not been reported elsewhere in the world, except for areas of Argentina immediately adjacent to Brazil. It is however, viewed as a threat to U.S. citriculture (26) .
We showed previously, based on random amplified polymorphic DNA polymerase chain reaction (RAPD-PCR) analysis of the limited number of citrus strains then available, that Xylella fastidiosa from citrus was genetically quite distinct from the previously described North American strains (20) . Since that time, we have assembled a large collection of strains from affected citrus. In addition, data now available show that different production regions within São Paulo State report different rates of trees showing symptoms, ranging from 16 to 53%, and these regions also report different losses of yield, ranging from 1 to 40%. It may be that different strains of the pathogen are present in different production regions and that this is the explanation for the observed differences in disease incidence and severity. More recently, coffee leaf scorch or Requiema do Café was found in coffee (Coffea arabica L.) plantations in São Paulo State and shown to be caused by Xylella fastidiosa (12) . Because the coffee and citrus production areas of São Paulo State are largely congruent, the relationship, if any, between the coffee and citrus strains is an urgent research question. The objectives of this research were, therefore, to (i) determine if differences in genome structure within the collection of strains isolated from citrus could be correlated with variations in symptom severity observed in affected groves; (ii) determine if there were differences in genome structure between strains of Xylella fastidiosa collected from citrus in various regions of São Paulo State and from coffee plants in the same region; and (iii) develop a rapid test to distinguish between strains isolated from citrus and coffee. For these purposes, we have used several techniques based on the PCR, including repetitive extragenic palindromic (REP) PCR and enterobacterial repetitive intergenic consensus (ERIC) PCR (11, 29) as well as RAPD-PCR (31) and PCR-restriction fragment length polymorphism (RFLP) analyses.
MATERIALS AND METHODS
Bacterial strains and DNA isolation. Citrus and coffee strains of Xylella fastidiosa were isolated in Beltsville, MD, from leaf samples collected in São Paulo, Brazil, and at Fundecitrus, Araraquara, São Paulo. Leaves were washed under running tap water and soaked in 0.5% sodium hypochlorite for 3 min followed by three rinses in sterile distilled water. Leaf petioles and midribs were excised and the ends removed, and the fresh petiole/ midrib was pressed onto supplemented periwinkle wilt (SPW) media (14) or the petioles were sliced into SPW broth in culture tubes. Cultures were incubated at 27°C and observed for signs of microbial growth. Any bacterial growth that appeared before 5 days was considered contamination. Colonies of Xylella fastidiosa were visible after 2 weeks or sometimes longer on plates. Serial cultures were made, and single colonies were isolated three times prior to the experimental work. Strains with an ATCC prefix are from the American Type Culture Collection, Manassas, VA. Other reference strains were kindly provided by colleagues in the United States.
DNA was isolated with genomic DNA isolation kits from Qiagen (Chatsworth, CA) according to the protocol provided by the manufacturer for blood cells.
REP-PCR analyses. Reactions were performed in a final volume of 25 µl with an automated thermal cycler (Perkin-Elmer, Wellesley, MA). The (10×) reaction buffer consisted of 160 mM (NH 4 ) 2 SO 4 , 670 mM Tris-HCl (pH 8.8 at 25°C), and 0.1% Tween 20 detergent. Each reaction mixture contained 2.5 µl of 10× buffer; 1.25 µl of 50 mM MgCl 2 (2.5 mM Mg ++ final); 7.0 µl of dNTP mix, each at 1.25 mM (0.35 mM each nucleotide final); 2 µl of template DNA at 1 µg/ml (20 ng per reaction); and 10.05 µl of water. For REP-PCR, 1 µl of primers REP1R-1 and REP2-1 (11) each at 0.05 mmol/ml (0.02 mM final) and 1 unit of Taq polymerase (Biolase, Intermountain Scientific, Salt Lake City, UT) were added. Amplification was carried out at 94°C for 1 min, 42°C for 1 min, and 72°C for 1 min for 30 cycles followed by a single final extension cycle of 72°C for 5 min. Amplification products were stored at 4°C prior to electrophoresis through a 2% agarose gel. Amplification products were visualized with UV light after staining with 0.5% ethidium bromide.
ERIC-PCR analyses. Reaction mixtures were prepared the same as the REP-PCR reactions, except that the primers used were ERIC-1R and ERIC-2 (11) and 0.5 units of Taq polymerase were used with 0.5 units of Platinum Taq (Life Technologies, Grand Island, NY). Amplification was carried out at 94°C for 1 min, 52°C for 1 min, and 72°C for 1 min for 30 cycles followed by a single final extension cycle of 72°C for 5 min. Amplification products were stored at 4°C prior to electrophoresis through a 2% agarose gel. Amplification products were visualized with UV light after staining with 0.5% ethidium bromide. RAPD-PCR analyses. Six primers were used for RAPD-PCR assays. Amplification reactions and conditions were the same as described for REP-PCR, except only one primer was used per reaction and the volume of water used was 11.05 µl. The primers used were A09 (5′-GGGTAACGCC), N04 (5′-GACCGACCCA), G19 (5′-GTCAGGGCAA), G10 (5′-AGGGCCGTCT), H03 (5′-AGACGTCCAC), and H12 (5′-ACGCGCATGT). Amplification products were stored at 4°C prior to electrophoresis through a 2% agarose gel. Amplification products were visualized with UV light after staining with 0.5% ethidium bromide.
PCR-RFLP and DNA sequencing. The reaction mixtures for PCR amplification under stringent conditions were the same as those described for REP-PCR, except primer pair 272-1-int and 272-2-int was used (21) 
Based on the results of the PCR assays described previously, the amplification products of primer pair 272-1-int and 272-2-int from coffee and citrus strains were cloned into plasmid pCR2.1 with the TA cloning kit (Invitrogen, Carlsbad, CA). The nucleotide sequence of the amplification products was determined by the Interdisciplinary Center for Biotechnology Research of the University of Florida, Gainesville. Sequence alignments and comparisons were made using the MacVector 5.0 program (Kodak, Rochester, NY). These sequences have been deposited as GenBank Accessions Nos. AF344190 and AF344191.
Calculation of a similarity matrix and dendrogram. Because polymorphisms were not observed within groups of strains isolated from several of the hosts, strains ATCC 35868 (mulberry), ATCC 35870 (almond), ATCC 35873 (American elm), Fund-4 (coffee), and Col7 (orange) were used as representative strains from their respective hosts. Fifty-two discrete amplification products were identified as present or absent in agarose gels after REP-, ERIC-, and RAPD-PCR using these strains. A similarity matrix and dendrogram were calculated using NTSYSpc (Applied Biostatistics Inc., Setauket, NY) and the SAHN and unweighted pair-group method algorithms. 
RESULTS
Fifty-seven strains of Xylella fastidiosa isolated from diseased citrus over a period of 5 years from all regions of São Paulo State, where CVC disease occurs, were used in this study. Representative results for the ERIC-PCR analysis of the citrus strains are shown in Figure 1 . All other citrus strains tested gave fingerprints that were indistinguishable from these after ERIC-PCR (Table 1) . The five coffee strains also shared this fingerprint (Fig. 1) . The results of REP-PCR (Table 1) on the set of citrus and coffee strains exactly paralleled the ERIC-PCR results. Polymorphisms between strains isolated from coffee and citrus and strains isolated from other hosts were easily observed after both ERIC-PCR and REP-PCR ( Fig. 1 ; Table 1 ). Four clear groups of strains were identified: the citrus/ coffee group; a second group composed of strains from grapevine, almond, and ragweed; a third group composed of strains from mulberry; and a fourth group composed of strains from elm, oak, and plum from North America. The strains were resolved into the same four groups by both REP-and ERIC-PCR ( Fig. 1; Table 1 ).
Six 10-mer oligonucleotide primers were used to perform RAPD-PCR on the collection of strains ( Table 1 ). All six primers revealed polymorphisms between the citrus/coffee group of strains and the other strains tested. However, only primer pairs AO9 and NO4 were able to reveal polymorphisms between the citrus and coffee strains (Fig. 2) . None of the six primers revealed polymorphisms among any of the 57 strains isolated from diseased citrus ( Fig. 2; Table 1 ). The Xylella fastidiosa strains were sorted into the same groups by RAPD-PCR as with the REP-and ERIC-PCR assays (Fig. 2) .
The similarity matrix and dendrogram revealed a very deep division (S = 0.45) between the strains from coffee and citrus and those from all other hosts (Fig. 3) . Among the strains isolated from North America, three groups were identified: a group consisting of strains from elm, oak, and plum; another group of strains from grapevine, almond, and ragweed; and strains from mulberry (Fig. 3) .
All strains of Xylella fastidiosa produced an amplification product of the expected size (472 bp) after PCR was performed using primer pair 272-1-int and 272-2-int (Table 1 ). This amplification product was subjected to digestion with restriction endonucleases MspI, HaeIII, RseI, and CfoI. No digestion was observed with MspI, HaeIII, and RseI. However, there was a CfoI polymorphism between the citrus strains and strains from all other hosts. Interestingly, the coffee strains shared the RFLP pattern of the strains from all hosts except citrus (Fig. 4) .
The 472-bp amplification product of primer pair 272-1-int and 272-2-int was cloned and sequenced from strains isolated from citrus, coffee, oak, mulberry, and grapevine. These strains represent the different groups revealed by REP-, ERIC-, and RAPD-PCR. There were no nucleotide sequence differences among strains isolated from coffee, oak, mulberry, and grapevine. There were, however, limited sequence differences between strains isolated from citrus and strains isolated from the other hosts, consistent with the PCR-RFLP data. (11, 29) have often been used to distinguish infra-specific variants within bacterial species. For example REP-and ERIC-PCR, originally developed for use with the Rhizobiaceae (11), distinguished four subgroups within Xanthomonas fragariae (22) and two major and two minor subgroups within Xanthomonas vesicatoria (18) . In these cases, subgroups were identified within populations of a bacterial species pathogenic on a particular host (strawberry) or closely related hosts (tomato/pepper), respectively. In contrast, we were unable to identify any variants within a collection of 57 strains of Xylella fastidiosa isolated from diseased citrus in São Paulo State at various locations over several years ( Fig. 1; Table 1 ). Thus, the degree of heterogeneity within the citrus strains of Xylella fastidiosa appears to be less than what was observed within Xanthomonas fragariae and Xanthomonas campestris pv. vesicatoria. These methods also failed to identify polymorphisms between strains isolated from diseased coffee and citrus strains from the same region. However, both REP-and ERIC-PCR revealed numerous polymorphisms between the citrus/coffee group and groups of strains isolated from grapevine, almond, and ragweed; mulberry; and oak, elm, and plum. These results are consistent with previous RFLP analyses of plasmid and genomic DNA (5,6) and RAPD-PCR (8, 20) analysis of a more restricted group of strains.
DISCUSSION

REP-and ERIC-PCR
RAPD-PCR performed on the same group of strains also failed to reveal any variation within the collection of citrus strains, consistent with the REP-and ERIC-PCR data. This analysis did however reveal clonal groups associated with other hosts of origin. These groups were entirely consistent with the groups defined by REP-and ERIC-PCR assays. However, two RAPD primers did reveal limited polymorphisms between the citrus and coffee strains (Fig. 2) . The six RAPD primers used in this study were selected from a much larger set of primers that had been screened in Brazil for their ability to identify polymorphisms. The low level of heterogeneity observed in our collection of citrus strains is consistent with that observed by Rosato et al. (27) with a similar collection of strains from citrus. They observed no variation at all in RFLP profiles of 16S rDNA fragments amplified by PCR, but did observe limited variation in RAPD-PCR product profiles with four of eight primers tested. The apparent difference in the RAPD-PCR results of the two studies could simply be due to the selection of primers.
Individual strains of Xylella fastidiosa are able to infect a wide range of plant species (13, 16, 25) . The clonal groups identified by REP-, ERIC-, and RAPD-PCR analyses of Xylella fastidiosa strains from various hosts in this study are also in agreement with the results of complete sequence analyses of the 16S rDNA region of these strains (7) . Based on the strains studied, the citrus and coffee strains are a natural group, as are the almond, grapevine, and ragweed strains and the elm, oak, and plum strains.
Our laboratory previously developed primer pairs useful for the detection of Xylella fastidiosa (21) . Primer pair 272-1-int and 272- 2-int produced amplification products that were indistinguishable after gel electrophoresis from all strains tested. Nucleotide sequence analysis of representative strains did not reveal sufficient variation within this amplicon on which to base a differential PCR assay. However, digestion of the amplification product with CfoI did reveal a polymorphism that can conveniently distinguish the coffee strains from the citrus strains (Fig. 4) . Because this digestion can be performed directly in the PCR amplification mixture, it is very easy to implement. We anticipate that it will be very useful to determine if coffee and citrus strains are naturally present in any of a number of potential alternate plant hosts. This PCR-RFLP assay will also be useful to distinguish Xylella fastidiosa bacteria in sharpshooter insect vectors captured in the orchards and will be very useful in epidemiological studies of this complex pathosystem.
Our REP-, ERIC-, and RAPD-PCR analyses of this set of strains independently identified clusters of strains associated with the hosts from which the strains were isolated, as summarized in Figure 3 . These differences are likely to be of taxonomic significance, particularly the low similarity (S = 0.45) between the strains from the United States and Brazil. In addition, in a separate study, a strain of Xylella fastidiosa isolated from plum in the United States grouped with strains isolated from grapevine in the United States, whereas a strain isolated from plum in Brazil grouped with citrus and coffee strains from Brazil (9) . This is further evidence of a deep division within Xylella fastidiosa consistent with geography.
The presence of serious diseases of both coffee and citrus in São Paulo State raises very interesting questions. Although the citrus disease was the first to be described, the coffee disease is widespread and has apparently been present in São Paulo as an unrecognized problem for a long time. Indeed, because coffee culture long predates citriculture, it is possible that the citrus strains originated as a clonal variant of the coffee population. However, our failure to find a single coffee strain among the 57 citrus strains, or a citrus strain among the five coffee strains analyzed, is evidence that the strains are not pathologically interchangeable in nature, in spite of their close genetic relationship, and that the citrus strains are presumably better adapted for life in citrus plants than are the coffee strains. However, we have confirmed by inoculation that a citrus strain of Xylella fastidiosa can produce the full range of symptoms observed in plants suffering from Requiema do Café (17) .
There has also been speculation that different strains of Xylella fastidiosa are present in diseased citrus in São Paulo State and that these strains could be responsible for differences in disease severity observed in the field (1) . Our data are inconsistent with this idea, although they do not entirely rule it out. For example, we have observed several plasmid profiles in extracts from the citrus strains described here (data not shown), so these strains cannot be considered identical. The best explanation for the observed differences in disease severity is variation in local climate, particularly because citrus is produced without irrigation and there is a pronounced dry season in São Paulo State. This dry season is more severe in the northern areas of São Paulo State where the symptoms are more severe (1) . Variations in soil structure or fertility and in the horticultural care given to the trees are also possible explanations for observed local variations in disease severity that do not require different strains of the pathogen to be present.
